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Abstract
The objective was to characterize vitellogenin expression in the ovary and hepatopancreas, and to describe the morphometry
and ultrastructure of oocytes, in the freshwater prawn Macrobrachium amazonicum at various stages of ovarian development. Five
ovarian stages were defined: (I) immature, (II) maturing, (III) mature, (IV) spawned, and (V) reorganized. Ovaries and
hepatopancreas were analyzed by immunohistochemistry for vitellogenin expression. Vitellogenin expression in both ovary and
hepatopancreas was predominantly widespread, beginning at Stage I, peaking at Stage III, and decreasing in Stages IV and V.
Characterization of the ovary included measurement of the following germ cell types: oogonia (OG), and previtellogenic (PV),
early vitellogenesis (EV), advanced vitellogenesis (AV), and mature (M) oocytes. Mean  SD diameter of OG and EV oocytes
in Stages I (14.2  5.5 and 119.8  15.7 m) and II (17.9  4.8 and 114.3  34.6 m), respectively, were significantly different
rom that in Stages IV (16.6  4.7 and 107.0  24.6 m) and V (14.4  4.1 and 101.0  25.2 m). Both scanning and
transmission electron microscopy enabled identification of EV, AV and M oocytes based on the presence of a nucleus, and the
organization and distribution of yolk in the cytoplasm. In summary, vitellogenesis occurred both in the hepatopancreas and ovary, with
the ovary expressing vitellogenin starting as early as Stage I. This process promoted accumulation of yolk and growth of oocytes, thus
favoring sexual maturation of females. This knowledge may be applied to improve production of farmed M. amazonicum.
 2012 Elsevier Inc. Open access under the Elsevier OA license.
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s1. Introduction
Vitellogenesis is the process that occurs during fe-
male reproduction in which the oocyte accumulates
large quantities of yolk [1,2]. In crustaceans, the main
yolk proteins are vitellogenin and vitellin [3,4]. Vitel-
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ttp://dx.doi.org/10.1016/j.theriogenology.2012.04.019logenin synthesis was reported to occur in the ovary as
well as in extraovarian tissues, such as adipose tissue
[5–9] and hepatopancreas [4,10–14], followed by its
elease into hemolymph, and absorption and processing
y the oocyte to form vitellin [14,15].
Vitellogenin is essential for development of prawn
ocytes, embryos, and early larvae, as well as to ensure
urvival of the young until they are self-supporting [9,15].
imited immunohistochemical studies have addressed the
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maturation in Macrobrachium rosenbergii [16,17]. How-
ever, such studies have not been performed in Macrobra-
chium amazonicum (Heller, 1862), a freshwater prawn
species native to the Amazon region that is reproductively
active year-round [18]. It has a great potential for culture,
because of fast growth, resistance to disease, and ease of
management [19,20]. Therefore, this species is exten-
ively exploited by artisan fisheries, mainly in the North
nd Northeast of Brazil [21]. In fact, it is considered the
outh American prawn species with the greatest potential
or aquaculture [22].
The aims of the present work were to characterize
itellogenin expression in the ovary and hepatopan-
reas, as well as to describe ovarian structure based on
orphometry and ultrastructure of oocytes in the fresh-
ater prawn M. amazonicum at various stages of ovar-
ian development.
2. Materials and methods
2.1. Animals
Freshwater prawns of the species M. amazonicum
were collected monthly from January to December
2007, in the Northeastern state of Pará, Brazil
(1°13’25’’S, 48°17’40’’W). Live prawns were taken to
the laboratory, sexed, and females were classified
on the basis of the size of their ovary as observed
through the external carapace, following a scoring sys-
tem adapted from the literature [23]. Accordingly, five
ovarian stages were defined: (I) immature, (II) matur-
ing, (III) mature, (IV) spawned, and (V) reorganized.
The animals were anesthetized (by placing them on ice)
and then killed. The ovaries and hepatopancreas were
dissected and processed as described below.
2.2. Immunohistochemistry
Whole ovary and hepatopancreas samples were fixed
in 4% paraformaldehyde solution for 24 h and submitted
for routine histological processing. Fixed samples were
embedded in paraffin, cut in 5-m thick histological sec-
ions and deparaffinized in decreasing concentrations of
thanol. Sections were then rinsed in 0.1 M phosphate
buffered saline (PBS), and boiled in 0.1 M sodium citrate
buffer for 30 min at 70°C for antigen retrieval. After
cooling, samples were incubated in 3% hydrogen perox-
ide in methanol for 30 min at 27°C. Sections were then
washed in PBS and blocked with 10% normal goat serum
(16210072, Invitrogen, Burlington, ON, Canada) for 1 h.
After washing in PBS, samples were incubated in a rabbitanti-salmon vitellogenin polyclonal primary antibody (1:
50; V01402201, Biosense Laboratories AS, Bergen, Nor-
way) overnight at 4°C. Samples were washed again in
PBS, and then incubated in a peroxidase-conjugated anti-
rabbit IgG secondary antibody (1:500; PA1-28564, Bio-
america, Inc., São Paulo, SP, Brazil) for 2 h at room
temperature. Washing in PBS was followed by visualiza-
tion of reactive sites with DAB (ImPACT DAB Peroxi-
dase substrate SK4105, Vector Laboratories, Inc., Burlin-
game, CA, USA) and slide evaluation using a
photomicroscope (Zeiss Axiostar Plus, Oberkoshen, Ger-
many). Negative controls were incubated in PBS instead
of primary antibody, followed by incubation in secondary
antibody.
2.3. Morphometry of oocytes
Whole ovaries, in various stages of development, were
fixed in Bouin’s solution for 24 h and subjected to routine
histological processing. Samples were embedded in par-
affin, and 5 m thick longitudinal sections of the median
region of the gonad were stained with hematoxylin and
eosin. Samples from three animals at each of the ovarian
stages defined above were selected. Based upon previ-
ously reported criteria [24], slides were scored based on
the following five germ cell types: oogonia (OG), previ-
tellogenic oocytes (PV), early vitellogenesis oocytes
(EV), advanced vitellogenesis oocytes (AV), and mature
oocytes (M). In addition, only germ cells displaying a
nucleus and nucleoli were measured. Slides were evalu-
ated under an Olympus CH30 microscope (Melville, NY,
USA), and measurements were done with an ocular mi-
crometer coupled to a 10 eyepiece and a 40 objective
adjusted for a correction factor.
2.4. Statistical analysis
Oocyte diameter means were analyzed by ANOVA,
and Tukey’s post-test was applied for mean separation
when significant differences were detected. Differences
were considered significant at P  0.05. Data were
analyzed with Bioestat 5.0 software (Sociedade Civil
Mamirauá, Belém, PA, Brazil) [25].
2.5. Scanning electron microscopy (SEM)
Fragments of ovarian tissue were fixed for 24 h at 4°C
in Karnovsky’s solution (4% paraformaldehyde, 2% glu-
taraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4).
Thereafter, tissues were post-fixed in 1% osmium tetrox-
ide solution buffered with sodium cacodylate (0.1 M, pH
7.2) for 2 h at room temperature. The fragments were then
dehydrated in a graded ethanol series, and critical point
dried using CO2. Specimens were mounted on stubs,
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(LEO-ZEISS, Cambridge, England).
2.6. Transmission electron microscopy (TEM)
Fragments of ovarian tissue were fixed in Karnovsky’s
solution for 2 h at room temperature, and post-fixed in a
1% osmium tetroxide solution buffered with sodium ca-
codylate (0.1 M, pH 7.4) for 2 h at room temperature.
amples were then dehydrated in a graded acetone series,
Fig. 1. Immunohistochemistry for vitellogenin expression in the ovary
(*) in PV and EV. (B) Maturing (II): moderate reaction (*) in AV. (C) M
moderate reaction (*) in AV. (E) Reorganized (V): reaction (*) in PV, E
(OG), previtellogenic oocyte (PV), early vitellogenesis oocyte (EV), adnd infiltrated and embedded in Epon. Ultrathin sections oere cut, contrasted with uranyl acetate and lead citrate,
nd examined using an LEO 906E TEM (Carl Zeiss,
berkoshen, Germany).
. Results
.1. Immunohistochemistry
Vitellogenin expression was observed in both the
mazonicum at various stages of maturation. (A) Immature (I): reaction
II): strong reaction (*) in the yolk (y) of M oocytes. (D) Spawned (IV):
AV oocytes. (F) Negative control. Nucleus (n), nucleolus (nu), oogonia
vitellogenesis oocyte (AV), and mature oocyte (M).of M. a
ature (I
V andvary and hepatopancreas as early as Stage I of ovarian
mM
(
984 M.A.P. Ferreira et al. / Theriogenology 78 (2012) 981–990development. Highest levels of expression were present
in Stage III, and decreased thereafter in Stages IV and
V. In ovarian tissue, the reaction was predominantly
widespread and increased gradually as observed in EV,
AV and M oocytes (Fig. 1). In the hepatopancreas,
vitellogenin expression was also widespread; the ap-
Fig. 2. Immunohistochemistry for vitellogenin expression in the hep
aturation stages (A) Immature (I): reaction (*) in some cell vesicle
ature (III): intense reaction (*) within the cells. (D) Spawned (IV):
*) with diffuse appearance within the cells. (F) Negative control.pearance within the cells’ cytoplasm was granular andintense compared to that observed in ovarian tissue
(Fig. 2).
3.2. Oocyte morphometry
Four of the germ cell types, OG, and PV, EV and
AV oocytes, were observed in all stages of ovarian
reas of M. amazonicum as a function of the corresponding ovarian
aturing (II): reaction (*) with granular aspect within the cells. (C)
n (*) at the apical border of the cells. (E) Reorganized (V): reactionatopanc
s. (B) M
reactiodevelopment, except Stage III, which had only M
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The average diameter of OG and EV oocytes in Stages
I and II were significantly different from that observed
in Stages IV and V (Table 1). The few OG observed in
Stage III precluded their inclusion in statistical analy-
ses.
3.3. Ultrastructural analysis
Ultrastructural analysis (SEM) revealed an ovary
with bilateral symmetry, a median sulcus and a fibrillar
network. From Stage III onward, the ovary had an
irregular surface. In addition, in Stage IV, vitellogenic
oocytes were well delimited, and in Stage V, oocytes
were partially covered by fibrillar structures (Fig. 3).
Notably, EV oocytes had an irregular shape, with small
vesicles visible below the cytoplasmic membrane as
well as dispersed within the cytoplasm; the nucleus was
visible in a central position. Conversely, AV oocytes
had numerous cytoplasmic vesicles of varying diameter
(Fig. 4).
Examination of ovarian tissue using TEM revealed
that PV oocytes had an irregular nucleus that was elec-
tron dense, and a cytoplasm without yolk granules.
Similarly, EV oocytes also had an irregular shape nu-
cleus, but their cytoplasm contained yolk vesicles and
spiral endoplasmic reticulum structures. Mature (M)
oocytes also had numerous cytoplasmic yolk vesicles
with varying electron densities (Fig. 5). All oocytes
were surrounded and connected by thin follicle cells,
which had an elongated nucleus (Fig. 4 and Fig. 5).
4. Discussion
Although vitellogenesis is essential for successful
oocyte maturation in crustaceans, little is known about
this process in the freshwater prawn from the species
M. amazonicum. Notably, in this study, immunohisto-
chemistry revealed vitellogenin expression in both the
ovary and hepatopancreas, beginning as early as Stage
I (immature) of ovarian development, in females from
this freshwater prawn species. Interestingly, these find-
ings contradicted those previously reported for a
closely related species, M. rosenbergii. In the latter,
mRNA expression studies were consistent with the
hepatopancreas as the main organ responsible for vitel-
logenin synthesis, with the ovary having no role in this
process [1,10]. In the present study, especially notewor-
thy was the widespread and intense appearance of vi-
tellogenin expression in both the ovary and the hepa-
topancreas of M. amazonicum. Vitellogenin is a
lipoglycoprotein with a high molecular weight (from Tab Me Ce OG C n PV C n EV C n AV C n M C n OG a-c
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Based upon the assumption that some regions of the
protein are conserved among ovigerous species, we
used an anti-salmon vitellogenin primary antibody,
which yielded satisfactory results.
The involvement of the immature ovary (stage I) as
a site for vitellogenin synthesis in M. amazonicum was
articularly interesting. However, we hypothesize that
n Stages III, IV, and V of ovarian development, yolk
ynthesis may have originated from the input of vitel-
ogenin from other sources (e.g., the hepatopancreas),
ince vitellogenin content within ovarian organelles
Fig. 3. Scanning electron microscopy of ovaries from M. amazonicum
ymmetry. (B) II (maturing): presence of a capsule (cap) and a fibril
D) IV (spawned): showing delimitation of oocytes. (E) V (reorganiz
ocytes surrounded by a fibrillar network (arrow).as limited at these stages. Notably, from Stage IVonward, the ovary had four germ cell types, including
OG, and PV, EV, AV oocytes. This also characterized
the Stage V gonad, with the duration of this stage and
ability to initiate another reproductive cycle dependent
on both environmental and endogenous factors. This
process was reportedly similar in other crustaceans
[6,27].
A readily visible feature of gonad maturation in the
M. amazonicum female was the significant change in
average diameter among oogonia and PV, EV, AV
oocytes, as well as among various stages of ovarian
maturation. Similar results were reported in Farfante-
ous stages of development. (A) Stage I (immature): showing bilateral
(arrow). (C) III (mature): with an irregular surface and asymmetric.
tially surrounded by a capsule (cap) and vitellogenic oocytes (v). (F)at vari
lar net
ed): parpenaeus paulensis [28] and M. rosenbergii [29]. In M.
esicle (
987M.A.P. Ferreira et al. / Theriogenology 78 (2012) 981–990amazonicum, we generally observed that most stages of
ovarian development had all stages of oocyte matura-
tion, except that Stage I did not have AV and M
oocytes, and Stage III had predominantly M oocytes.
Perhaps these findings were due to the physiological
dynamics of oocyte maturation. For instance, females
were captured in their natural environment, where the
nutritional resources for survival are limited and they
are threatened by predators. Therefore, a strategy to
enhance reproduction and hence species continuance, is
to promote maturation of the largest number of oocytes
Fig. 4. Scanning electron microscopy of oocytes from M. amazonic
irregular shape. (C) Early vitellogenesis (EV) oocyte, with a central n
visualized (fc). (D) Advanced vitellogenesis (AV) oocyte, displayin
oocyte with yolk (y) beneath the membrane (thin arrow). (F) Yolk vpossible, which in turn supports maturation of the go-nad. This may explain the mature appearance of ovaries
in these females. Furthermore, we observed the small-
est diameter of OG in the I and V stages, and of EV
oocytes in the IV and V stages. The last stages of
ovarian development coincided with oviposition, em-
bryo development, and egg eclosion into the incubation
chamber of the female. As reported for other species, it
is believed that neurohormones, e.g., serotonin, play an
important role in regulating diverse physiological pro-
cesses in crustaceans, including ovarian maturation
[30,31]. Therefore, although we did not perform hor-
Section of ovary surrounded by a capsule (cap). (B) Oocytes with
(n), and yolk vesicles (y) under the membrane; follicle cells are also
centric nucleus (n), and yolk vesicles (y). (E) Detail of mature (M)
y) of various sizes.um. (A)
ucleus
g an ecmonal analyses, we inferred that production and release
oocyte
988 M.A.P. Ferreira et al. / Theriogenology 78 (2012) 981–990of neurohormones were specific for each physiological
stage of ovarian maturation. In that regard, this could
partially explain the reduction in EV and AV oocyte
diameter at Stages IV and V, thus delaying develop-
ment of oocytes without compromising the following
reproductive stages. These findings were consistent
with those described in Marsupenaeus japonicus, in
which the amounts of vitellogenin in the ovary and the
hepatopancreas were greatest during vitellogenesis and
until the last stage of ovarian development, with a
decrease after oviposition [6].
Ultrastructural analysis of the ovaries of M. ama-
zonicum in this study revealed a capsular sheath with a
fibrillar network and various morphologic features of
germ cells. For instance, PV and EV oocytes had rough
endoplasmic reticulum (RER) with a gradual increase
in yolk content, whereas only yolk was seen in M
oocytes. This was similar to what was reported regard-
ing vitellogenesis in the ovaries of Penaeus kerathurus,
characterized by appearance of expansions in the nu-
clear envelope, which promoted formation of a large
RER in a concentric arrangement and was associated
with small yolk precursor-containing vesicles derived
Fig. 5. Transmission electron microscopy of oocytes from M. amazon
cytoplasm (cy). (B) Early vitellogenesis (EV) oocytes, with spiral en
various sizes. (D) Follicle cell (fc) surrounding and connecting a Mfrom Golgi apparatus [32,33]. In more advanced stagesof vitellogenesis, numerous yolk vesicles were pro-
duced through a complex arrangement between the
RER and the Golgi apparatus, giving rise to vitello-
genic oocytes from both endogenous and exogenous
origin [32,33]. Similarly, in the prawn species Panda-
lus hypsinotus, the appearance of abundant RER within
oocytes was consistent with endogenous synthesis of
vitellogenin [34]. Notably, the authors of this study
interpreted RER contents to be most likely vitellogenin,
as opposed to vitellin, because the specific anti-vitellin
antibody used did not recognize extracts from the cor-
responding ovarian stages [34]. Moreover, another el-
ement that was also observed surrounding oocytes in
this and other studies, was that of flattened cells (de-
scribed as follicle cells [33,35]). These cells may be
responsible for synthesis of vitellogenin in the ovary of
the Kuruma prawn Penaeus japonicus [33]. There are
no reports regarding the involvement of vitellogenesis
by follicle cells in M. amazonicum. Overall, our find-
ings were consistent with M. amazonicum performing
both endogenous and exogenous vitellogenesis.
In summary, vitellogenesis occurred both in the
ovary and hepatopancreas of M. amazonicum females,
) Previtellogenic (PV) oocytes, with irregular nucleus (n) and scarce
ic reticulum (r). (C) Mature (M) oocytes with yolk granules (y) of
.icum. (A
doplasmstarting as early as Stage I of ovarian development.
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989M.A.P. Ferreira et al. / Theriogenology 78 (2012) 981–990This, in turn, promoted accumulation of yolk and
growth of oocytes, thus favoring sexual maturation of
Macrobrachium amazonicum females. These findings
are an important step in understanding sexual matura-
tion in this species, and thus contribute information
essential for implementing adequate management tech-
niques for preservation and farming of this native spe-
cies.
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